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Abstract
A potentially very important process that drives the unroofing of an orogen is
the integration of drainages, a process linked to the rate of migration of drainage
divides. The goal of this study was to address the hypothesis that non-steady westward
migration of the drainage divide in the Appalachian Mountains from the Blue Ridge
through the Ridge and Valley, and ultimately to the Allegheny escarpment is a
dominant control on landscape evolution and orogen unroofing. This study took a
combined geomorphic and geochronologic approach to address this question. Using a
Geographic Information System (GIS) analysis of a Digital Elevation Model (DEM) it
was determined that first-order stream channels along the drainage divide are generally
steeper to the east, consistent with the idea that the di vide may be migrating westward
as Atlantic slope drainages expand. Slope-Area modeling and field observations in the
Dolly Sods area in West Virginia reveals fundamental differences in channel
morphology, erosional process and erodability across the drainage divide, suggesting
the drainage divide is migrating to the west in this area. Additionally, the application of
Urrh-He dating of single grain detrital apatites collected from river sands in New
England was successfully tested. The results show different age profiles for watersheds
of differing sizc. This indicates that crosion and exhumation may not be spatially
uniform. cvcn in a dccaying orogcn, Icnding support to thc idca of unsteady dividc
migration. Scvcral very old (>500~1a) agcs wcrc produccd for apatite grains from the
i\lenimac and Connecticut Rivers. either as the result of matelial brought into thc
watershed from the Canadian Shield by glaciers. or as the result of zircon
microinclusions in the apatite grains. This quest,ion is unresolved, providing future
studies with one or more research foci.
Introduction
The mechanisms and modes of long-term orogen unroofing and topographic
decay have long been studied and debated. In the Appalachians, several different views
of this problem have been formulated based on diverse data. For example, studies of
sediments deposited off-shore in the Baltimore Canyon Trough suggest active unroofing
in the late Cenozoic, with no less than 7 km of crustal material having been removed in
the past 180 Ma, and no less than 1.1 km being removed in the last 20 Ma (Figure 1,
Poag and Sevon, 1989; Pazzaglia and Brandon, 1996; Pazzaglia and Gardner, 2000). In
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Figure 1: Off Shore sediment flux record from basins in thc middlc Atlantic margin.
Thcsc scdimcnts wcrc dcri\'cd from Ncw Engfand and thc Ccntral Appalachians. (from
Pazzaglia and Gardncr. 2000). Various scdiment pulses might indicate periods of rapid
exhumation which may bc retlected in the thennochollologic data.
')
apparent contrast to these data, thermochronologic and cosmogenic studies (Hulver,
1992; 1996; Roden, 1989, Roden and Miller, 1989, Naeser, et aI, 2004, Matmon, et aI,
2003) suggests slow erosion over periods of time on the order of 100 Ma in the
Appalachians. Further complicating the problem, recent cosmogenic isotope data
suggest that there are erosion "hot spots", such as knickpoints in Appalachian river
channels, where rapid rates of erosion are superimposed on the much slower, long-term
rates (Reusser, et aI., 2004). Mechanisms that uplift rocks and make them available for
erosion include isostatic uplift, eustatic fall, and lithospheric flexure due to shelf loading
(reviewed in Pazzaglia and Brandon, 1996). Climate change also stands as a possible
candidate for driving variable rates of erosion for rocks already above sea level.
An overlooked, but potentially very important process that drives the unroofing
of an orogen is the integration of drainages, a process linked to the rate of migration of
drainage divides. Tibet and the Himalaya illustrate an extreme example of how this
process modulates orogen unroofing. Tibet stands over 5 km in mean elevation, but the
erosion rate for its interior is essentially zero because rivers are not integrated across its
interior. In this setting, erosion is concentrated at the edges of the orogen as the
drainage divide has not yet pushed into the plateau interior. Similarly for the
Appalachians, the persistence of topography may not be directly related to Cenozoic
tectonics or climate, but rather it may be controlled largely by how Atlantic slope
streams have pushed westward through the orogen since the opening of the Atlantic
Ocean in the Mesozoic. As Atlantic slope drainages push westward and capture
drainage area. the resulting incision rejuvenates topography. The expansion of these
drainage areas likely occurs in steps as individual basins push westward at different
rates. The differences in rate of expansion may be related to variations in geology or
relief between drainage basins.
The concept of large scale divide mobility has been argued for tectonically
active areas such as the Yellowstone hotspot. In this area, a regional topographic "bow
wave" crest resulting from buoyant uplift related to the migration of the hotspot shifts
the continental divide eastward and away from the Snake River Plain (Pierce and
Morgan, 1992, 1999). In the passive margin setting of eastern Australia, the continental
divide follows major negative Bouguer gravity anomalies, and thus the areas of the
thickest crust, for 80% of its length (Young, 1989). Yellowstone and eastern Australia
point to diverse, yet lithospheric-scale support of long-wavelength topography as a
determinant in divide location.
Similarly in the Appalachians, there are several influences on lithospheric
support of topography. Like eastern Australia, there is a thick, deeply-rooted crust
(-40km) under the Appalachians (Mooney and Braile, 1989), supporting the topography
on the surface. Erosion of material from the mountains in the interior and deposition of
material off-shore can lead to isostatically-drive flexure (Pazzgalia and Gardner, 2000),
in which the mountains are uplifted and the coastal and off-shore areas subside, relative
to a fixed point in the piedmont. The uplift and tilting of the mountain belt may cause
the drainage divide to migrate as the highest point in the landscape changes. Various
arguments have also been made for coupling between the deeply subducted Farralon
slab and the Applachians crust (Grand et al.. 1997) and changes in lithosheric support
driven by this coupling. Additionally. thinning along crust scale dccollemonts and
warming of the crust along the Appalachian margin during rifting in the Triassic points
to another source of lithospheric-scale variations (Hatcher, 1989).
In this context, the long standing arguments concerning divide location and
migration in the passive margin setting of the Appalachian Mountains (Davis, 1889;
Johnson, 1931) can be investigated. Central to this debate has been the location and
migration of the drainage divide between the Atlantic slope drainages and the
Mississippi River drainages since the opening of the Atlantic Ocean in the Jurassic.
Along many areas of the divide, an asymmetry exists between the generally steeper
Atlantic drainages and the gentler gradients of the northwestward flowing streams.
Even though he never presented gradient data, Davis envisioned a gradient disparity and
ascribed it to a shorter distance to base level for the Atlantic streams, promoting greater
rates of headward erosion for the steeper drainage system in a divide of asymmetric
gradient ("law of divides", Gilbert, 1877). In contrast, Hack (1973a) argued that
headwater streams on both sides of the escarpment fell to elevations as low as 200
meters in a short distance, attributed asymmetry in the stream profiles to differences in
geology, and held that the asymmetry was inherited from the time of continental break-
up in the Mesozoic.
There are several unanswered questions relating to the processes responsible for
localizing the divide, if the divide is currently migrating westward, and if the divide
recently made a jump to the west. accounting for the 1'v1iocene to present sediment in the
Baltimore Canyon Trough and thermochronologic age disparity east and west of the
diyide. I hypothesize that landscape cyolution and orogen unroofing is dominated by a
non-stcady wcstward mi'~ration of thc draina!:c di\"ide from the Blue Rid!:e throudl the
_ C '- ..... .....
.5
Ridge and Valley, and ultimately to the Allegheny escarpment. If true, this hypothesis
makes several predictions. First, channel gradients should be decidedly steeper to the
east in a zone directly adjacent to the divide. Secondly, in areas where the divide is
migrating, there should be fundamental differences in stream channel morphology and
process across the divide. Thirdly, thermochonologic data sould show a pattern of
spatially and temporally non-uniform exhumation.
The goal of this study is to address these three predictions to determine the past
history of drainage divide migration, and identify places where the divide is currently in
the process of migrating westward. Integration of geomorphic and geochronologic data
is presented in support of the drainage migration process, but because several new
procedures and applications of these data need to be generated, the field experiments are
necessarily different localities. What the study does show is that there are places where
the drainage divide appears to be migrating westward, and that long-term erosion rates,
although slow, are not necessarily spatially uniform.
Approach and Methods
The initial plan for this study called for a GIS component supplemented by
geomorphic data collected in the field to investigate the physical differences in stream
channels across the drainage divide. along with three different themlOchronolor.ic~ ~ ~
studies in different areas. First. a detrital Urrh-He apatitc study in Ncw England was
designed to sample a large area. providing a regional-scalc thernlochronological
perspective. The second study intendcd to date samples takcn from wcll cores in
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Pennsylvania to build age-elevation profiles for specific localities. The rational for this
was to investigate the possibility that exisiting dates collected from bedrock (Becker,
1999) represent an exhumed He partial retention zone, and the erosion responsible for
this may have caused the Miocene sediment pulse to the Baltimore Canyon Trough.
The final study intended to produce a traditional age-elevation profile in the Blue Ridge
of North Carolina by sampling across the steepest possible thermal gradient with the aid
of a thermal model. Of these approaches, the geomorphic study and New England
detrital study proved the most fruitful and have a direct bearing on the goals of looking
for the geomorphic signature of divide migration and evidence for spatially varying
rates of erosion. Analysis was attempted on the well core samples, but obtaining a pure
separate of dateable apatite proved elusive. Samples were collected for two transects in
North Carolina, but were not analyzed due to time constraints.
GIS study
In addressing the first two points, a Geographic Information System (GIS) based
approach was implemented using 3D-meter resolution Digital Elevation Models (OEM)
available from the US Geological Survey (USGS) Eros Data Center
(http://edc.usgs.gov).Initial analysis focused on the gradients of first-order streams
directly surrounding the drainage divide in order to quantify the asymmetry observed by
Davis (1 SS9). Johnson (1931). and Hack (1973a). Using the hydraulic modeling
extension of the ArcMap GIS program. stream networks and watershed boundaries were
delineated from the DEM for drainages along the Appalachians from the southern end
of the range to the point in PennsyiYania where streams to the west of the drainage
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divide drain into the Great Lakes and St. Lawrence River, rather than to the Mississippi
River. Watershed boundaries were used to delineate the drainage divide (Figure 2), and
a 2-krn buffer was created around the divide to allow analysis of only the streams near
the divide. Stream profiles for first-order streams were e,xported using ArcInfo. For the
purpose of this model, first-order streams were defined as streams having a drainage
area of 0.45 km2 or greater and having no tributary streams greater than this size. The
average gradient of each stream channel was found using the Parse_xsec Fortran
program by Frank Pazzaglia. This program finds the average gradient simply as the
difference in elevation from the head of the channel to the end, divided by the straight
line length of the channel. The channel gradients were averaged for the length of the
drainage divide on both the east and west side, as well as east and west of the divide in
24 segments approximately 50km in length each to allow for more localized
comparisons and to investigate along-divide trends (figure 3).
Based on the channel gradient analysis, the Dolly Sods area of West Virginia
was chosen for more focused longitudinal profile analysis and field study due to a large
difference in the gradients of channels draining to the east and west of the divide in this
area, as well as westward step in the divide north of the study area. The Dolly Sods
Wilderness Area sits on the Allegheny front (Figure 2, 4), separating the Ridge and
Valley province from the Allegheny Plateau, and is drained to the east by streams
flowing into the South Branch of the Potomac and to the wcst bv streams flowing into
~ . ~
Red Crcck. a tributary of the Dry Fork of the Chcat River. which ultimately drains to
the Ohio River.
s
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Figure 3: Locations of sections used for stream gradient analysis. Each section is
-50km long and extends 2km on either side of the drainage divide. Average gradients
for the areas east and west of the drainage divide in each numbered section arc shown in
Table 2.
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Figure 3: Locations of sections used for stream gradient analysis. Each section is
-50km long and extends 2km on either side of the drainage divide. Average gradients
for the areas east and west of the drainage divide in each numbered section are shown in
Table 2.
10

(1)
where S is the channel slope, A is the upstream drainage area, ks is the steepness index,
and 8 is the concavity index. Assuming that the river profile is in steady state and the
rock uplift rate (U) and coefficient of erosion (K) are uniform over the length of the
channel, based on shear-stress incision models the concavity index (8) should be
constant, and ks is defined by the relationship:
(2) ks=(D/K) lin
where n is related to the erosional process (Snyder, et aI, 2000). The coefficient of
erosion (K) is a proportionality constant related to rock hardness, climate, and various
other poorly constrained factors relating to erodability. Uplift rate (D) over a small area
with no active tectonics can be assumed to be constant, leaving variations in K and n to
account for variations in ks, Thus variations in ks show changes in erosional process, as
accounted for by the variable n, and changes in the erodability of the channel, as
accounted for by K. Variations in ks can demonstrate fundamental differences in the
channels, such as differences in channel morphology, channel type, or dominate
erosional process. Elevation and area profiles for the entire stream network in the study
arca, as wcll as for the sub-areas east and west of the drainage dividc, wcre dcrivcd
from 30 meter rcsolution OEMs and cxportcd from ArcInfo. The rational bchind
analyzing thc east and wcst areas separately is based on thc hypothcsis that thc two
arcas arc bcing shapcd by fundamcntally diffcrent proccsscs. and thus may ha\'c
diffcrcnt values of 8. Using a sprcadshcct. slopc valucs wcrc calculatcd. and values of 0
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were discarded, as these are likely artifacts of filling in closed depressions (sinks) in the
DEM and confound plotting the slope data on a logarithmic axis. Slope values greater
than 1 were also discarded, as these were likely the result of steps introduced the
resolution of the DEM and are nonsensical values for channel gradients. Slope-area
plots were then made for each area, and regressed though to find a value for 8.
Traditionally during this type of analysis, slope-area plots are made for each profile,
smoothed to reduce noise introduced by the resolution of the DEM, and a value of 8
derived for each channel, and the resulting values then averaged to determine the
average value of 8 for the area. The method used here introduces more scatter to the
data, but as eis theoretically constant over the entire area, the result is the same. This
method saves time and simplifies the calculation of 8. Values of ks were then modeled
using equation 1 with the measured values of slope and area and the derived value of 8.
To compliment the GIS-based modeling, qualitative field investigations were
conducted, along with quantitative field measurements of channel widths and depths
and pool-riffle spacing. Qualitative observations included channel gradient, dominant
grain sizes and distributions, prcscnce of large woody debris, presence or absence of
alluvium and bedrock, and gencral channel morphology. The rational behind this
approach is to determine if there are readily observable systematic differences between
the stream channels on cither side of the divide.
Detrital Apatite Study
Low temperature U-Th/He apatite thennochronology was be used to invcstigate
long-tenn rates and patterns of erosion to test the third prediction of the hypothesis.
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This method measures the accumulation of 4He in single grains of Uranium and/or
Thorium-bearing apatite. Alpha particles (Helium nuclei) are produced as the daughter
element from the radioactive decay of U and Th in the crystal. At high temperatures,
He diffuses rapidly from the grain. As the rocks are exhumed, they cool, and eventually
He is retained in the grain. The retention temperature is a function of both grain size and
cooling rate. Under slow cooling conditions, dates resulting from this method should
reflect the time of cooling through a closure temperature of approximately 70°C (Wolf
et aI., 1996). Assuming normal post-orogenic thermal gradients of about 16°C/km, this
would correspond to approximately the last -4 km of unroofing. Recent advances in the
He-dating of apatite has allowed for the dating of single grains, paving the way for
detrital He apatite dating. Assuming that detrital grains in river deposits provide a
representative sampling oft eh bedrock within an entire watershed, This method allows
for a large areas to be sampled easily. There are several factors that may bias the results
toward apatite grains originating from one rock type or area, including the amount of
apatite in the rock, the resistance of the rock to weathering (how easily apatite grains
are liberated), transport distance, and residence time in floodplains, etc. that may lead to
weathering of the Apatite grains. As such, the results of this approach may not be
representative of age spectrums for the entire landscape. but still provide useful
information. As this technique had not previously been attempted, part of this
experiment was to test its viability.
A nested watershed approach was adopted where detrital sands from the active channels
of the Baker. ~1cnimac. and ConnectICut ri\crs (Figure 5) were collected. and the
apatite grains separated using standard separation techniques. including heavy liquids
14


Merrimac River drains both mountains and pied,mont areas, and is between the other
two watersheds in size with a drainage area of 13,297 km2 above the sample location.
While the Baker and Merrimac do not drain into the Connecticut, the Connecticut
watershed borders both of the other two watersheds to their west. The Connecticut is
the largest of the three watersheds with a drainage area of 27,074 km2, and also has the
most significant glacial deposits, possibly confounding the results by introducing grains
derived from outside the watershed.
Data and results
GIS Results
On average, first-order streams to the east of the drainage divide are steeper than
those to the west of the divide, with an average gradient of 0.086 to the east, and 0.077
to the west. Of the -50 km-Iong segments selected along the divide to examine local
variability (Figure 3), 18 of the 24 are steeper to the east (table 1), indicating that the
steeper-to-the-east asymmetry exists along much of the divide, and not just in one
location. The exception to this is the southernmost -150km of the di vide, where slopes
are somewhat steeper to the west. The Dolly Sods area is located in segment 8, where
channel gradients to the east are 0.10 1 and to the west are 0.091.
The slope-area plot for the entire Dolly Sods study area (Figure 7) yields a value
for 8 of 0.15. Based on this value. ks values range from a low of 0.000936 to a high of
13.19. A map of ks (Figure S) shows that values are generally lowcst in the headwaters
of Red Creck and along the wcstern edge of the ridge delineating the drainage divide.
...... - ..... '- .....
Valucs of k, are higher in the drainages to the cast of the divide. as well as in the lower
. ~ ~
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reaches of Red Creek, the South Fork of Red Cr.eek, and tributary streams flowing into
the lower parts of Red Creek. In the lower reaches, Red Creek is steeper than in the
headwaters and flows though a steep-walled canyon, resulting in steeper gradients in
tributary streams.
Mean Gradient of first-order streams
alon2 the drainage divide
Percent
Section West East difference
N1 0.078 0.071 -9.2
2 0.069 0.074 6.6
3 0.047 0.050 8.2
4 0.037 0.034 -5.7
5 0.057 0.069 19.0
6 0.057 0.071 21.7
7 0.059 0.072 19.5
8 0.091 0.101 10.7
9 0.123 0.117 -5.4
10 0.094 0.102 7.9
11 0.072 0.083 14.8
12 0.088 0.090 2.4
13 0.047 0.058 21.7
14 0.059 0.068 13.6
15 0.060 0.078 26.9
16 0.067 0.092 31.3
17 0.100 0.107 6.7
18 0.135 0.156 14.2
19 0.081 0.099 19.6
20 0.074 0.102 31.3
21 0.110 0.130 17.1
22 0.088 0.073 -19.6
23 0.027 0.024 -10.7
824 0.017 0.015 -12.6
Table 1. A\'erage first-order channel gradients for channels within 2km of the
drainage divide. Each scgmcnt is -50km long. and scmcnts arc listcd north to south.
Steepcr gradients for each pair are in bold. Locations of the segments are shown in
Figure 3.
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Figure 7: Slope-Area plot for the Dolly Sods study area.

Individual slope-area modeling for the eastern and western drainages (Figure 9) gives a
value of 8 of 0.197 for the eastern drainages and 0.061 for the western drainages. These
values of 8 are not useful for modeling values of ks, as the results would not be
comparable across the drainage divide, but may be significant in and of themselves.
Field observations
Width and depth measurements were taken at selected points along channels on
both sides of the divide, and compared to slope and drainage area data derived from the
DEM. In general, the channels are narrower and deeper with increasing gradient, with
the streams on the east side being wider and shallower than those on the west side for a
given gradient (Figure lOa). Streams on the west side show a general increase in WID
ratio (wider and shallower) with increasing drainage area (Figure lOb). Channels to the
east do not form such a trend, as there are no streams to the east with large drainage
areas, but generally have a higher WID ratio than those to the west.
Qualitative observations suggest that low-order stream channels east of the
divide are steeper and more commonly dominated by bedrock and larger boulders
(Figure Ila) than their wcstern counterpuI1s (Figure lib). As a general rule, streams to
the east begin with a poorly developed channcl, in many cases dominated by wood
debris, Icading into a bedrock dominated system, followed by a down-channel scgment
dominated by cobble and smaller sized alluvium (Figure lie). To the wcst. small
- ~
channcls are much better de\"eloped and ha\"c lower gradients, and most channcls in the
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Figure 9: Slope-Area plots for the east (a) and west (b) sub-areas of the Dolly Sods
area.
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Detrital Apatite Study
Of the 30 grains analyzed from the Baker River, 22 yielded reliable dates. The
Merrimac River yielded 19 reliable dates out of 33 grains, and the Connecticut yielded
16 from 31 grains (Table 2). Dates were deemed unreliable for several reasons.
Helium beams of less than 5xlO-12 Amps (-lxlO· 14 mol) were excluded as levels lower
than this
Detrital He Ages Ma)
Baker Merrimac Connecticut
72.7 53.7 73.7
80.5 62.3 79.5
185.2 100.3 99.9
85.6 104.3 101.0
89.0 125.2 101.1
91.4 141.0 114.5
95.0 142.1 133.4
103.6 155.3 158.1
105.6 160.5 182.4
106.8 163.1 278.2
107.0 197.9 434.4
112.5 219.3 446.0
114.5 229.2 471.1
123.3 267.1 792.9
126.0 336.9 913.9
128.7 380.5 949.5
134.4 414.9
139.3 615.0
147.4 718.9
153.9
231.7
233.8
Table 2: Detrital Helium ages in Ma for the Baker. Merrimac, and Connecticut
rinrs.
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may be influenced by background levels or residual helium from other grains in the
furnace (re-extracts). Grains with Uranium values less than 6xlO-14 mol (-lOx the
blank) were also excluded. These rules for excluding results as unreliable are
conservative, and some "good" ages may have been excluded, but no grains with
unreliably low levels of He or U were included. Grains were not excluded based on low
Th measurements, but most grains with low Th also had low U, and were excluded
based on that measurement. For full results, including unreliable dates see Appendix 2.
All three watersheds show a high concentration of ages at -100Ma (Figure 12). Both
the Merrimac and Connecticut Rivers contained several very old ages, as old at 949.5
Ma.
Discussion
GIS Slope analysis
The analysis of first-order channel gradients along the drainage divide quantifies
the asymmetry of the drainage divide, and demonstrates that there is a widespread
asymmetry along the divide, with streams to the east being steeper overall. While
channels slopes are not the only control on the rate of erosion, these results give a first-
order indication that a potential exists for headward erosion and expansion of Atlantic
slope drainages at the expense of drainages flowing to the Gulf of Mexico (Gilbert.
1877) along much of the drainage divide. These results also demonstrate that the
degree of asymmetry varies along the drainage divide. suggesting there may be a greater
potential for divide migration in certain localities.
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Figure 12: Probability density function plots for detrital apatite helium dates from
the Baker. Merrimac, and Connecticut Rivers, generated using 2.6% I-a error. This
error represent the long-tellll reproducibility of the Durango apatite standard for the lab
at Lehigh. The number of samples (n) used in generating these plots is lo\\', and
therefore it should be noted that individual peaks do not necessarily correspond to
individual unroofing events.
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Dolly Sods GIS and Field study
The studies done in the Dolly Sods area present an idea of the physical
manifestation of a migrating divide, as well as the controls on divide migration. The
steepness index (ks) modeling shows fundamental differences in erosional process and
erodability between channels east of the divide and those in the headwaters of Red
Creek to the west of the divide. Steepness index values are similar across the divide in
the lower reaches of Red Creek (Figure 8). Values of ks are generally higher east of the
divide, indicating there may be differences in erosion from one side of the divide to the
other,. Field observations are consistent with the interpretation of the slope-area model,
pointing to fundamental differences in stream channel long profiles on either side of the
divide. The observations of channel morphology in the lower reaches of Red Creek and
its tributaries, like the ks plot, suggest these channels are similar to the channels east of
the divide and shaped by similar processes. These similarities stem from the fact that
slopes are steeper in the lower reaches of Red Creek, similar to slopes east of the divide.
Values of concavity (8) delived for the east and west segments of the study area reflect
the increase in slope down-drainage in the Red Creek drainage. Channels to the west are
on average not very concave, and have a lower concavity than their counterparts to the
east. This indicates the presence of a transient feature in the western channels, and that
the channels in the lower reaches of Red Creek are not steady state profiles as assumed
in the model. From this it can be inferred that a major control on the potential for
streams to expand their drainage into a plateau area such as the Dolly Sods is the rate of
incision of the plateau by transient features in the landscape. including knickpoints.
Thus there is competition between headwardly eroding channels on one side of the
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divide (in this case, the east) and headwardly eroding knickpoints on the other side. As
a knickpoint moves up the channel, channel gradients on the west side become steeper,
making it harder for channels to the east to capture more drainage area. While this may
not be the case along the entire drainage divide, it is one possible control on divide
mobility.
Detrital Apatite Study
The detrital Apatite helium dating study produced a number of notable results.
First and foremost is that fact that geologically reasonable dates were produced from
single apatite grains collected from detrital river sands in a slowly eroding orogen.
While the success rate was fairly low for obtaining reliable dates from grains, with
enough time and resources a robust data set could be constructed using this method of
diffuse sampling. There is an inverse correlation between the size of the watershed and
the success rate in obtaining reliable dates, suggesting there is greater potential for
weathering apatites in floodplains or during transport in larger watersheds.
Secondly, the three watersheds produced different age profiles (figure 12),
suggesting uneven exhumation and erosion. All three watersheds do show a common
peak at approximately 100 Ma, which may be the result of widespread regional
unroofing, The Menimac watershed also had a significant number of ages in the 120-
~ ~ ~
ISO Ma range. which may represent ncar-surface cooling of magmas rclated to thc
White Mountain \'olcanics.
Thc third notcworthy finding is cxceptionally old agcs (oyer 500~fa) in the
Mcnimac and Connccticut basins. Based on thc mcasured lcycls of Hc. U. and Th.
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there is no reason to discount these dates as bad data. There are two possible
explanations for these ages. It is possible that they represent sediment derived from
glacial material transported during the last ice age from the Canadian Shield, where
exhumation rates are presumably extremely low. If the erosion rates in the Baker River
are higher than those in the Merrimac and Connecticut, we can explain the lack of very
old dates in the Baker watershed as the result of the transport of this very old material
out of the watershed by erosion. The second explanation for these ages is that the
grains analyzed contained very small inclusions of zircon that were undetectable during
inspection under the binocular microscope. These inclusions would contain high levels
of U and Th, and therefore produce high levels of He in the grain, but would not
dissolve in nitric acid along with the rest of the grain, resulting in artificially, but not
alarmingly low levels of U and Th. There are two possible resolutions to this problem.
Analysis of apatites separated from Canadian Shield rocks might reveal extremely old
ages as well, indicating that the ages found in this study are reasonable. Alternatively,
additional grains from the Merrimac and Connecticut River samples could be analyzed
for U and Th using HF bombs to dissolve the grains prior to ICPMS analysis. This
would dissolve any zircon inclusions, liberating not only the uranium and thorium, but
also any elements such as zirconium found in zircon. If these extremely old ages can be
replicated in this manner without the presence of elements indicating a zircon inclusion.
the very old ages presented here almost certainly represent material transported out of
the Canadian Shield.
Assuming the 100 Ma peak in cooling ages represents regional unroofing of
Ncw England. and also assuming a themlal gradient cqual to the modern gradicllt of
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-16°ClMa, approximately 4 kIn of material have been removed from New England in
the past 100 Ma, an average rate of -40mlMa. However, this rate is gi ven as an average,
and is in now way assumed to be a constant rate. Likely much of the erosion is done
during episodes with a much faster rate of erosion, interspaced by periods of relatively
low erosion. This is shown in the Baltimore Canyon Trough sediment record. There is
no signal of an unroofing event at 100Ma in the sediment record, but the removal of the
-4km of material necessary to expose the ages of the rocks that cooled though the 70°C
isothenn at that time may be the reflected by the periods of high deposition at -80Ma
and -15Ma. Though it is not possible to link the provenance of the BCT trough
sediments to the material removed from New England over the past 100Ma, it remains
possible that the rates of erosion during periods of high erosion are very fast,
reinforcing the idea that orogenic decay is not a constant process, and erosion is widely
variable over time.
In comparing the Baltimore Canyon Trough sediments to cooling ages found in
this study, as well as those found by Becker, et al (2000), it needs to be noted that
cooling ages corresponding to the Miocene sediment pulse have not been found. This is
likely because the rocks that cooled through 70°C have not yet been brought to the
surface. The implication of this is that while erosion my be spatially variable, there is
an upper limit on the rate of erosion, and erosional hotspots with sufficient rates of
erosion to expose these rocks do not exist. or arc transient features which do not have
high rates of erosion for sufficient periods of time to exhume these rocks. The broader
implication is that long tenn erosion is not the result of short-wavelength. localized
uplift, but rather is related to adjustments of landscape to long-wavelength changes in
lithosphereic support of topography.
The original hypothesis presented, that the control of topography and erosion is
primarily the expansion of the Atlantic slope drainages in response to these changes, is
consistent with these findings. The findings of the geomorphic study are consistent
with the theory of a mobile drainage divide, as originally suggested by Davis (1899).
While cross-divide differences in stream channels were only studied in one location, the
presence of differences in these channels, along with a widespread but variable
asymmetry of streams draining the divide indicate that the divide may be migrating
westward along much of its length at varying rates.
Conclusions
The mechanisms and modes of long-term orogen unroofing and topographic
decay have long been studied and debated. A potentially very important process that
drives the unroofing of an orogen is the integration of drainages, a process linked to the
rate of migration of the drainage divide. The goal of this study was to address the
problem of non-steady westward migration of the drainage divide from the Blue Ridge
through the Ridge and Valley, and ultimately to the Allegheny escarpment. By using
geomorphic and geochronologic data, this study was able to conclude the following:
• First-order stream channels along the drainage divide are generally steeper to the
east. although locally there are arcas where channels are stccpcr to thc wcst.
This observation SUCTCTcsts that the divide may be migrating wcstward.:=::::: .. '- -
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• Slope-Area modeling and field observat~ons in the Dolly Sods area in West
Virginia reveal fundamental differences in channel morphology, erosional
process and erodability across the drainage divide, suggesting the divide is
migrating to the west in this area.
• There are a variety of controls on the rate and potential for drainage divide
migration, including transient features in the landscape.
• Uffh-He dating of detrital apatites collected from river sands in New England
show different age profiles for watersheds of different sizes, with the smallest
watershed, the Baker River, containing the highest concentration of young ages.
This indicates that erosion and exhumation may not be spatially uniform, even
in a decaying orogen.
• Several very old (>500Ma) ages were produced for apatite grains from the
Merrimac and Connecticut Rivers, either as the result of material brought into
the watershed from the Canadian Shield by glaciers, or as the result of zircon
microinclusions in the apatite grains. This question is unresolved and will have
to be addressed by another study.
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Appendix 1: GIS analysis details
The purpose of this appendix is to provide infonnation on how the GIS analyses
were carried out. The infonnation is presented assuming the reader has a very basic
understand of GIS operations.
Deriving a stream network and profiles
Both the stream gradient analysis and the slope area modeling share a similar
procedure for delineating a stream network and generating stream profiles. This
process uses the ESRI Hydrology Modeling add in for ArcMap 8.3. Analysis was done
using 30 meter resolution DEMs projected in UTM coordinates.
• Select Fill Sinks from the Hydrology menu, and select the DEM as the input
surface. This fills in any closed depressions in the DEM which may confound
the analysis.
• Select Flow Direction from the Hydrology menu, and select the output of Fill
Sinks as the input surface. This produces a raster with a direction assigned for
each cell
• Select Flow Accumulation from the Hydrology menu, and use the Flow
Direction raster as the input surface. This produces a raster in which each cell is
assigned a value of the number of cells that drain into in.
• For the stream gradient analysis. the first-order streams must be isolated. This
can be done using the strcamorder command in the Rastcr Calculator. It is
possible to sct the minimum thrcshold for the strcam nctwork at thc same time.
For the purpose of this study. a minium thrcshold was set at 500 cells. The
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command used in Raster Calculator to isolate first-order streams over 500 cells
IS
con((streamorder([ACC_GRID] > 500,[FD_GRIDD == l),[ACC_GRIDD
ACC_GRID is the accumulation raster and FD_GRID is the flow direction
raster. This command results in a raster with accumulation values for the first-
order streams, and no data outside the first-order streams
• To create a stream network line feature, select Stream Network as Feature
from the Hydrology menu. Input the flow direction raster and flow
accumulation raster (for the slope-area analysis) or the first-order stream flow
accumulation raster (for the stream gradient analysis). For this study, the
minimum threshold for both was set at 500 cells.
• The result of Stream Network as Feature is a polyline shapefile, which must
be converted into a line coverage to be used to generate profiles in ARClnfo.
This conversion can be done using ARCToolbox.
• AI1 rasters used, as wel1 as the stream network line coverage must be in the same
folder. If they are not, they can be moved using ARCCatalog.
• Launch ARCInfo. and run the fol1owing commands to generate the needed
profiles (replacing italics with the appropriate names):
o &station 9999
o &workspace C.Voldcrco1ltainingdata\
o Grid
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o mape DEM_GRID
o image DEM_GRID
o surface lattice DEM_GRID
o surfacedefaults
o surfaceprofile * STREAMLINECOVERAGE lp
o surface lattice ACC_GRID
o surfacedefaults
o surfaceprofile * STREAMLINECOVERAGE ap
o q
• Export the profiles using INFO with the following commands:
o Info
o Enter user name>Arc
o select LP
o export C:\FOLDERCONGTAINDATA\lp.data sdf
o select AP
o export C:\FOLDERCONTAINGDATA\ap.data sdf
o quit stop
o q
'\'ntershed nnd Divide Dclincntion
For both the slope-area modeling and the stream gradient analysis. it is
necessary to delineate the watershed houndaries and drainage di\Oide. This is
accomplished using the Interacti\Oe \\Oatershed tool in the Hydrology :-'lodeling add-
.+1
in for ArcMap. To set up the tool, select Interactive Properties from the
Hydrology Modeling menu. Choose the appropriate flow direction and flow
accumulation rasters (as created above). If desired, the "Snap on for watershed
tool" box should be checked. This makes the watershed tool "snap" to the largest
accumulation in the area clicked, allowing easier delineation of large watersheds,
but may cause problems when attempting to delineate smaller watersheds at the
mouth of the stream. The interactive watershed tool allows watersheds to be
delineated as rasters by simply clicking on the map, with the drainage area as the
value for all cells within the watershed. Watersheds are delineated in this manner
for the areas east and west of the drainage divide, and these areas merged into one
grid using the merge command in the raster calculator. The resulting grid is then
converted into a polygon shapefile using the Convert...Raster to Feature option
from the Spatial Analyst menu. To create shapefiles for areas east and west of the
divide do the following steps:
o Remove the watersheds shapefile from the active ArcMap project
o Open ArcCatalog, right click on the watersheds shapefilc, select Properties
o Click on the Fields tab, and in the first blank row in Field Names, add an
appropriate field (ie. "Side"). For Data Type, select "Text."
o Open the shapefile in ArcMap. and sclect Start Editing from thc Editor toolbar.
o Click on the "attributes" button on the Editor tool bar to display attributes for the
selected fcaturcs. then sclcct fcaturcs using the "cdit tool" (arrow).
o Edit the new field for each polygon (classifx each as "east" or "west" for example)
being sure to make the categories identical (ie, capitalization the same)
o Select Stop editing from the Editor menu, and when prompted, save edits
o Select Geoprocessing Wizard from the Tools menu
o Select Dissolve features based on attribute
o Select the watershed shapefile, the new attribute field, and specify the desired output
field, click next, and finish.
The result of this is a shapefile with one polygon representing the area east of the divide
and one polygon representing the area west of the divide. To make a line feature of the
divide from this shapefile:
o In ArcCatalog, choose File ...New...Shapefile
o Specify a name for the new file (OD_LINE), Select Feature Type .... Polyline
o Specify a projection to match the existing datasets, Click OK
o Load the new (empty) Shapefilc into ArcMap and select Start Editing from the
Editor toolbar
o Select the polygon shapefile as Target on the Editor toolbar
o Select one of the polygons in the polygon coverage using the "Edit tool"
o Edit...Copy
o Select the line shapefile as Target on the Editor toolbar
o Edit ...Paste
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o Tum off the polygon shapefile to verify the outline of the polygon has been copied
to the line theme
o Select "Extendffrim feature" as the Task and use the "Sketch Tool" to remove
anything that isn't the drainage divide.
o Select Stop editing from the Editor menu, and when prompted, save edits
Creating sections for gradient analysis
Sections for the gradient analysis were created using a 2km buffer along the
drainage di vide, and splitting the buffer into sections of a desired length (-50km).
o Select Tools ....Buffer Wizard
o Select the drainage divide shapefile, click next
o Input the desired buffer distance, click next
o Select Dissolve Barriers, and specify the output filename, click finish.
o Tools...Geoprocessing Wizard •• .Intersect Two layers
o Select the drainage divide line feature as the input layer, and the buffer as the
overlay shapefile, specify the output, and click finish.
o Remove the resulting shapefile from the ArcMap project
o Add a "Section" field to the attribute table for this shapefile in ArcCatalog using the
procedure outlined above. It may also be useful to add a field for cast/west. and/or a
number field for the section number.
o Open the shapefile in ArcMap, select Start Editing from the Editor menu
o Select Task: Cut polygon features and the shapefile as the Target
o Use the "Sketch tool" to cut the buffer into the desired length sections. and the
attribute table to classify each section as needed
o Select Stop editing from the Editor menu, and when prompted, save edits
Finding mean stream gradients
The gradient for each first-order stream segment is found using the
PARSE_XSEC program by Frank Pazzaglia. The program can be obtained from Frank
Pazzaglia by e-mailingarequesttoFJP3@LEHIGH.EDU.This program uses the
INFO export of the elevation profile for the stream network and exports a file
containing latitude, longitude, channel gradient, length, and azimuth to a file called
glaa.out. This file can be imported into ArcMap. To find the average gradient for each
sub-section:
• Use the Geoprocessing wizard to crop the point theme containing the
gradient data using the buffer or section shapefile
• Join the attributes of the section file to the resulting point file. This adds the
attributes (section number) of the section file to the gradient points
• Open the attribute table (.dbf file) in a spreadsheet. The spreadsheet can be
used to find the average can be found for each scction, thc overall averagc.
and/or the avcrage for each side of the dividc
Slope-area modeling and ks mapping
• Import thc clcvation and arca profiles cxportcd from INFO into a
sprcadshcct. and merge the two datascts together to produce a sheet with
latitude. longitudc. elc\'ation. stream channel distance. and area.
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• Calculate slope for every point by subtracting stream elevation from the
elevation of the next point upstream, and dividing by the distance.
• Copy the resulting slopes, then paste as values to allow sorting by slope
value, without affecting the values. Delete the slope calculation column
• Sort the spread sheet by stream channel distance. Delete all records with a
distance of 0, as the slopes produced for the first point in each channel
segement use the elevation from last point in the previous section in the
table, which may not correspond to the previous point in the actual stream
channel
• Sort by slope value. Delete all slopes with a value of 0, as these are
produced by filling the sinks in the DEM, and confound the calculation of
the Log(Slope). If desired, delete all values over 1, as these are nonsensical
values for real world slopes, and are most likely results of artifacts in the
OEM.
• Calculate the Log of the Slope and Area
• Plot Log(S) vs. Log (A), and regress linearly though the data to find 0
(negative slope of the regression)
• Use the resulting value of 0 to calculate ks for each slope-area pair using the
equation:
• Save the file as a .dbf or .csv file. and import it into Arc~lap as point data
• Based on the ks values. interpolatc bctwecn the points to makc a grid of ks
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Appendix 2: Complete U-ThlHe Data. Numbers in bold indicate levels too low to give a reliable date. Samples listed as
"Plymouth" are from the Baker River.
Dropper Heating Spike Spike
Exposure
to Furnace
4·He
Blank
4·He
Blank
4-He
Meas.
3-He
Meas.
H2
Meas.
+>-
-....l
-_.... - . -_ .. -_ .. _-_._ .. - ... - .. ---- ... _- ---- ... .._-- ...... .. .. .. . .
olvmouth NH 3 950-10 09504503 495 2.393E-13 22 -5.3429E-16 -1.1754E-14 1.887E-12 1.341E-10 1.526E-Q9
olvmouth NH 4 950-10 09604504 496 2.393E-13 21 -5.3429E-16 -1.1220E-14 4.266E-13 1.351E-10 2.592E-09
olvmouth NH 5 950-10 09604505 497 2.392E-13 18 -5.3429E-16 -9.6171 E-15 1.329E·13 1.349E·10 1.586E-09
olvmouth NH 6 950-10 09604506 498 2.392E-13 20 -5.3429E-16 -1.0686E-14 3.333E-11 1.349E-10 1.366E-09
olvmouth NH 7 950-10 09604507 499 2.392E-13 18 -5.3429E-16 -9.6171E-15 1.186E-11 1.350E-10 1.706E-09
olvmouth NH 8 950-10 09604508 500 2.392E-13 18 -5.3429E-16 -9.6171E-15 4.845E-11 1.366E-10 3.990E-09
olvmouth NH 9 950-10 09604509 501 2.392E-13 18 -5.3429E-16 -9.6171E-15 3.431 E-11 1.359E-10 2.330E-09
olvmouth NH 10 950-10 09704501 502 2.391 E-13 19 -5.3429E-16 -1.0151E-14 4.975E-13 1.362E·10 5.'559E-Q9
olvmouth NH 11 950-10 09704502 503 2.391 E-13 18 -5.3429E-16 -9.6171E-15 7.015E-11 1.366E-10 5.387E-09
olvmouth NH 12 950-10 09704503 504 2.391 E-13 18 -5.3429E-16 -9.6171E-15 9.929E-11 1.355E-10 2.696E-09
olvmouth NH 13 950-10 09704504 505 2.391 E-13 19 -5.3429E-16 -1.0151E-14 5.066E-12 1.351 E-10 2.363E-09
olvmouth NH 14 950-10 09704505 506 2.391E-13 19 -5.3429E-16 -1.0151E-14 2.470E-11 1.373E-10 5.510E-09
olvmouth NH 15 950-10 09704506 507 2.390E-13 19 -5.3429E-16 -1.0151 E-14 2.041 E-11 1.374E-10 4.951E-09
olvmouth NH 16 950-11 09704507 508 2.390E-13 18 -5.3429E-16 -9.6171E-15 6.338E-12 1.379E-10 6.223E-09
Plvmouth#1-01 1 950-10 31503501 370 2.419E-13 22 9.0909E-18 2.0000E-16 8.027E-12 2.143E-10 1.859E-09
Plvmouth#1-02 2 950-10 31503502 371 2.419E-13 19 9.0909E-18 1.7273E-16 5.414E-14 2.111E-10 1.440E-Q9
Plvmouth#1-03 3 950-10 32203501 372 2.419E-13 20 9.0909E-18 1.8182E-16 7.986E-11 2.037E-10 1.974E-09
Plvmouth#1-04 4 950-10 32203502 373 2.418E-13 19 9.0909E-18 1.7273E-16 8.110E·14 2.032E·10 2.031E-Q9
Plvmouth#1-05 5 950-10 32203503 374 2.418E-13 20 9.0909E-18 1.8182E-16 2.480E-11 2.035E-10 1.785E-09
Plvmouth#1-06 6 950-10 32203504 375 2.418E-13 19 9.0909E-18 1.7273E-16 3.375E-11 2.032E-10 2.857E-09
Plvmouth#1-07 7 950-10 32203505 376 2.418E-13 19 9.0909E-18 1.7273E-16 2.416E-10 1.818E-10 1.459E-09
Plvmouth#1-08 8 950-10 32203506 377 2.418E-13 9.0909E-18 O.OOOOE+OO XXX XXX XXX
Plvmouth#1-09 9 950-10 32203507 378 2.417E-13 18 9.0909E-18 1.6364E-16 2.638E-10 2.035E-10 1.815E-09
Plvmouth#1-10 10 950-10 32203508 379 2.417E-13 19 9.0909E-18 1.7273E-16 7.683E-11 2.037E-10 1.487E-09
Plvmouth#1-11 11 950-10 32203509 380 2.417E-13 19 9.0909E-18 1.7273E-16 3.234E-11 2.041E-10 1.590E-09
Plvmouth#1-12 12 950-10 32203510 381 2.417E-13 20 9.0909E-18 1.8182E-16 1.243E-11 2.049E-10 1.567E-09
Plvmouth#1-13 13 950-10 32203511 382 2.417E-13 19 9.0909E-18 1.7273E-16 1.179E-10 2.044E-10 1.732E-09
Plvmouth#1-14 14 950-10 32303501 383 2.416E-13 19 9.0909E-18 1.7273E-16 4.365E-11 2.032E-10 1.380E-10
Plvmouth#1-15 15 950-10 32303502 384 2.416E-13 23 9.0909E-18 2.0909E-16 1.423E-11 2.027E-10 1.206E-09
Plvmouth#1-16 16 950-10 32303503 385 2.416E-13 19 9.0909E-18 1.7273E-16 1.180E-11 2.030E-10 1.363E-09
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4-He* 4·He* 4-He* Preferred Uncorr. Uncorr. Alpa-corr
(via spike) (via cal) agreement 4-He* 238-U 235-U 232-Th Age Ft Age Sample Age
(mol) (mol) cal vs. spike (mol) (mol) (mol) (mol) (vears) (Mal (Ma)
4.230E-15 4.236E-15 1.00 4.230E-15 #DIV/O! 0.000 olvmouth NH #DIVlO!
9.680E·16 9.751E-16 1.01 9.680E-16 9.402E-15 9.591E-16 2.782E-14 36381619 0.844 36.4 olvmouth NH 43.1
3.155E-16 3.169E-16 1.00 3.155E-16 2.027E-14 1.062E-15 4.646E-14 6837436 0.000 6.8 olvmouth NH #DIV/O,
7.381 E-14 7.401 E-14 1.00 7.381E-14 3.542E-13 7.552E-15 1.831E-13 133319539 0.866 133.3 olvmouth NH 153.9
2.626E·14 2.630E-14 1.00 2.626E-14 2.079E-13 4.266E-15 4.816E-13 60897895 0.838 60.9 olvmouth NH 72.7
1.059E-13 1.072E-13 1.01 1.059E-13 1.020E-12 1.988E·14 5.943E-14 73956315 0.864 74.0 olvmouth NH 85.6
7.540E·14 7.580E-14 1.01 7.540E-14 5.602E-13 1.095E-14 4.646E-14 95075331 0.845 95.1 olvmouth NH 112.5
1.113E·15 1.119E-15 1.01 1.113E·15 6.229E·15 9.910E-16 1.972E-14 54084903 0.807 54.1 olvmouth NH 67.0
1.533E-13 1.544E-13 1.01 1.533E-13 7.269E-13 1.436E-14 2.567E-12 86783583 0.838 86.8 olvmouth NH 103.6
2.188E-13 2.182E-13 1.00 2.188E-13 2.240E-12 4.693E-14 1.753E-13 68779243 0.854 68.8 olvmouth NH 80.5
1.121E-14 1.114E-14 0.99 1.121 E-14 9.166E·14 2.093E-15 4.322E-14 78883171 0.830 78.9 olvmouth NH 95.0
5.371E-14 5.412E-14 1.01 5.371 E-14 5.249E-13 1.046E-14 8.536E-14 71158529 0.835 71.2 olvmouth NH 85.2
4.435E-14 4.465E-14 1.01 4.435E-14 4.251 E·13 8.311E-15 4.106E-14 73666195 0.828 73.7 olvmouth NH 89.0
1.374E-14 1.425E-14 1.04 1.374E-14 8.809E-14 2.035E-15 3.296E-14 102009195 0.827 102.0 olvmouth NH 123.3
1.142E-14 1.196E-14 1.05 1.142E-14 7.827E-14 5.749E-16 4.137E-14 99938749 0.793 99.9 Plvmouth#1-01 126.0
7.791E-17 8.025E-17 1.03 7.791E-17 #DIV/O! #DIV/Ol Plvmouth#1-02
1.195E-13 1.186E-13 0.99 1.195E-13 6.811E-13 5.003E-15 1.045E-12 99923569 0.872 99.9 Plvmouth#1-03 114.5
1.214E-16 1.199E-16 0.99 1.214E-16 #DIV/O! #DIV/Ol Plvmouth#1-04 #DIVlO!
3.713E-14 3.669E-14 0.99 3.713E-14 3.492E·13 2.565E-15 1.272E-13 75 5t8 450 0.827 75.5 Plvmouth#1-05 ' 91.4
5.060E-14 4.985E-14 0.99 5.060E-14 1.493E-13 1.097E-15 2.657E-13 184233788 0.795 184.2 Plvmouth#1-06 231.7
4.048E-13 3.563E-13 0.88 4.048E-13 3.029E-15 2.225E·17 1.038E·14 7747571462 0.847 7747.6 Plvmouth#1-07 9148.6
#VALUE! #VALUEI #VALUEI #VALUEI Plvmouth#1-08
3.948E-13 3.877E-13 0.98 3.948E-13 1.645E-12 1.208E-14 7.354E-12 91 661 444 0.868 91.7 Plvmouth#1-09 105.6
1.149E-13 1.127E-13 0.98 1.149E-13 6.428E-13 4.722E-15 1.325E-12 93564734 0.876 93.6 Plvmouth#1-10 106.8
4.825E-14 4.737E-14 0.98 4.825E-14 3.444E-13 2.529E-15 6.499E-14 103044692 0.800 103.0 Plvmouth#1-11 128.7
1.847E-14 1.818E-14 0.98 1.847E-14 9.866E-14 7.247E-16 9.584E-14 117596676 0.798 117.6 Plvmouth#1-12 147.4
1.756E-13 1.721E-13 0.98 1.756E-13 6.563E-13 4.821 E-15 2.694E·12 106470815 0.792 106.5 Plvmouth#1-13 134.4
6.540E-14 6.362E-14 0.97 6.540E-14 3.973E-13 2.918E·15 2.247E·13 111846051 0.803 111.8 Plvmouth#1-14 139.3
2.137E-14 2.071E-14 0.97 2.137E-14 7.794E-14 5.725E-16 6.157E-14 177 288 833 0.758 177.3 Plvmouth#1-15 233.8
1.769E-14 1.714E-14 0.97 1.769E-14 1.360E-13 9.989E-16 8.273E-14 87826593 0.820 87.8 Plvmouth#1-16 107.0
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merrimac 1 950·10 27304501 528 2.386E-13 24 5.1130E-16 1.2271 E-14 1.66RE-10 2.656E-10 2.652E-09
merrimac 2 950-10 27304502 529 2.386E-13 22 5.1130E-16 1.1249E-14 3.447E-10 2.667E-10 2.598E·09
merrimac 3 950-10 27304503 530 2.385E-13 27 5.1130E-16 1.3805E-14 1.681E-10 2.744E-10 3.350E·09
merrimac 4 950-10 27404501 532 2.385E-13 36 5.1130E-16 1.8407E-14 7.977E-12 2.604E-10 2.360E-09
merrimac 5 950-10 27404502 533 2.385E-13 38 5.1130E-16 1.9430E-14 6.100E-11 2.605E-10 2.017E-09
merrimac 6 950-10 27404503 534 2.385E-13 40 5.113tJE-16 2.0452E-14 2.730E·12 2.554E·10 1.556E-D9
merrimac 1 7 950-10 10104507 499 2.392E-13 20 -1.3244E-16 -2.6488E-15 1.B40E-10 1.319E-10 7.089E-09
merrimac 2 8 950-10 10104508 500 2.392E-13 18 -1.3244E-16 -2.3839E-15 7.057E-11 1.316E-10 1.016E-08
merrimac 3 9 950-10 10104509 501 2.392E-13 18 -1.3244E-16 -2.3839E-15 1.057E-10 1.348E-10 1.409E-08
merrimac 4 10 950-10 10104510 502 2.391 E-13 18 -1.3244E-16 -2.3839E-15 6.430E-11 1.343E·10 1.267E-08
merrimac 5 11 950-10 10104511 2.499E-13 -1.3244E-16 O.OOOOE+OO xxx xxx xxx
merrimac 6 12 950-10 10104512 503 2.391 E-13 18 -1.3244E-16 -2.3839E-15 7.331 E-11 1.329E-10 9.431 E-09
merrimac 7 13 950-10 10104513 504 2.391 E-13 18 -1.3244E-16 -2.3839E-15 1.606E-11 1.311 E-1 0 1.556E-08
merrimac 8 14 950-10 10104514 505 2.391 E-13 19 -1.3244E-16 -2.5164E-15 2.038E-11 1.440E-10 4.675E-08
merrimac 9 15 950-10 10104515 506 2.391 E-13 17 -1.3244E-16 -2.2515E-15 1.524E-10 1.588E-10 9.795E-08
merrimac 10 16 950-10 10104516 no 5Dike #VALUE! 18 -1.3244E-16 -2.3839E-15 9.311 E-12 5.250E-11 1.002E-07
Merrimac #1 9 950-10 08305503 42 4.995E-13 22 7.8625E-16 1.7298E-14 2.791 E-11 5.571 E-10 6.998E-09
Merrimac #2 10 950-10 08305504 43 4.995E-13 20 7.8625E-16 1.5725E-14 3.359E-11 5.537E-10 6.540E-09
Merrimac #3 11 950-10 08305505 44 4.994E-13 22 7.8625E-16 1.7298E-14 1.275E-11 5.077E-10 . 2.384E-09
Merrimac #4 12 950-11 08305506 45 4.994E·13 21 7.8625E-16 1.6511 E-14 4.530E·12 5.214E·10 3.452E-D9
Merrimac #5 13 950-10 08705501 46 4.994E-13 24 7.8625E-16 1.8870E-14 7.161E-12 4.759E-10 9.467E·10
Merrimac #6 14 950-10 08705502 47 4.993E-13 24 7.8625E-16 1.8870E-14 8.404E-12 5.343E-10 7.151 E-09
Merrimac #7 15 950-10 08705503 48 4.993E-13 23 7.8625E-16 1.8084E-14 3.554E-11 5.101 E-10 3.533E-09
Merrimac #8 16 950-10 08705504 49 4.992E-13 7.8625E-16 O.OOOOE+OO 1.224E-10 5.169E-10 4.109E-09
merrimac #1 1 950-10 10905501 84 4.977E-13 24 4.4077E-16 1.0578E-14 1.792E-11 4.591 E-10 3;530E-10
merrimac #2 2 950-10 10905502 85 4.977E-13 23 4.4077E-16 1.0138E-14 7.271E·13 4.614E-10 4.557E-10
merrimac #3 3 950-10 10905503 86 4.976E-13 21 4.4077E-16 9.2562E-15 2.127E-12 4.738E-10 1.970E-09
merrimac #4 4 950-10 10905504 87 4.976E-13 26 4.4077E-16 1.1460E-14 1.506E-11 4.704E-10 1.394E-09
merrimac #5 5 950-10 10905505 88 4.975E-13 23 4.4077E-16 1.0138E-14 5.569E-10 4.650E-10 6.850E-10
merrimac #6 6 950-10 10905506 89 4.975E-13 23 4.4077E-16 1.0138E-14 1.392E-10 4.711E-10 1.038E-09
merrimac #7 7 950-10 10905507 90 4.974E-13 26 4.4077E-16 1.1460E-14 2.947E-10 4.678E-10 7.661E-10
Merrimac #8 15 950-10 11005503 98 4.971 E-13 22 4.4077E-16 9.6969E-15 1.524E-10 4.645E-10 3.791 E-10
Merrimac #9 16 950-10 11005504 99 4.970E-13 21 4.4077E-16 9.2562E-15 7.664E·12 4.658E-10 3.779E-10
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4-He* 4-He* 4-He* Preferred Uncorr. Uncorr. Alpha-carr
(via spike) (via cal) agreement 4·He* 238-U 235·U 232-Th Age Ft Age Sample Age
(mol) (inol) cal vs. spike (mol) (mol) (mol) (mol) (vearsl (Mal (Ma)
1.891E-13 2.137E-13 1.13 2.137E-13 1.069E-12 7.7!'i1 E-15 6.335E-13 134898591 0.827 134.9 merrimac 163.1
3.896E-13 4.414E-13 1.13 4.414E-13 2.829E-12 2.052E-14 5.596E-14 118983518 0.844 119.0 merrimac 141.0
1.846E-13 2.149E-13 1.16 2.149E-13 2.465E-13 1.788E-15 1.138E-12 323079177 0.849 323.1 merrimac 380.5
9.210E-15 1.016E-14 1.10 1.016E-14 1.296E-14 9.398E-17 6.449E-14 280217279 280.2 merrimac #Div/O!
7.053E-14 7.770E-14 1.10 7.770E-14 3.897E-13 2.826E-15 1.710E-12 76960178 0.767 77.0 merrimac 100.3
3.196E-15 3.447E-15 1.08 3.447E-15 1.408E-14 1.021E-16 3.758E-14 117048027 117.0 merrimac #DIV/Ol
4.257E-13 4.395E-13 1.03 4.395E-13 1.345E-12 2.625E-14 1.645E-13 225403855 0.844 225.4 merrimac 1 267.1
1.636E-13 1.683E-13 1.03 1.683E-13 2.139E-13 4.253E-15 3.620E-14 517217293 0.841 517.2 merrimac 2 615.0
2.392E-13 2.516E-13 1.05 2.516E-13 4.785E-13 9.420E-15 1.194E-13 348077 441 0.839 348.1 merrimac 3 414.9
1.461 E-13 1.528E-13 1.05 1.528E-13 5.529E-13 1.083E-14 5.781 E-14 192077 824 0.838 192.1 merrimac 4 229.2
######## #DIV/O! merrimac 5
1.683E-13 1.737E-13 1.03 1.737E-13 9.882E-13 1.924E-14 2.888E-13 118664733 0.835 118.7 merrimac 6 142.1
3.737E-14 3.798E-14 1.02 3.798E-14 1.283E-14 9.737E-16 3.377E-14 982384403 0.837 982.4 merrimac 7 1173.7
4.317E-14 4.812E-14 1.11 4.812E-14 1.561E-13 3.211E-15 1.402E-13 183565409 0.837 183.6 merrimac 8 219.3
2.927E-13 3.592E-13 1.23 3.592E-13 merrimac 9
#VALUEI 2.195E-14 #VALUEI 2.195E-14 merrimac 10
3.129E-14 3.632E-14 1.16 3.632E-14 2.453E-13 1.815E-15 1.164E-13 102506684 0.819 102.5 Merrimac #1 125.2
3.790E-14 4.364E-14 1.15 4.364E-14 3.820E-13 2.826E-15 4.305E-14 85546903 0.821 85.5 Merrimac #2 104.3
1.567E-14 1.652E-14 1.05 1.652E-14 2.190E-14 1.620E-16 6.723E-14 336381 522 0.819 336.4 Merrimac #3 410.6
5.409E·15 5.848E-15 1.08 5.848E-15 3.980E-14 2.944E-16 7.945E-14 77 791467 0.816 77.8 Merrimac #4 95.3
9.377E-15 9.238E-15 0.99 9.377E-15 9.429E-15 6.976E-17 2.312E-14 477 704 782 0.822 477.7 Merrimac #5 581.2
9.805E-15 1.083E-14 1.10 9.805E-15 1.434E-13 1.061E-15 1.252E-13 44010259 0.820 44.0 Merrimac #6 53.7
4.350E-14 4.579E-14 1.05 4.350E-14 2.511E-13 1.858E-15 4.464E-14 127393186 0.820 127.4 Merrimac #7 155.3
1.479E-13 1.575E-13 1.06 1.479E-13 4.170E-13 3.085E-15 1.223E-12 162961571 0.824 163.0 Merrimac #8 197.9
2.374E-14 2.376E-14 1.00 2.376E-14 2.680E-13 1.944E-15 3.934E-13 51 273683 0.823 51.3 merrimac #1 62.3
9.456E-16 9.494E-16 1.00 9.494E-16 8.385E-15 6.082E·17 2.176E-14 54947143 0.822 54.9 merrimac #2
2.720E-15 2.795E-15 1.03 2.795E-15 1.983E-14 1.439E-16 5.467E-14 66798454 0.824 66.8 merrimac #3
1.946E-14 1.983E-14 1.02 1.983E-14 7.337E-14 5.321 E-16 1.839E-13 132127822 0.823 132.1 merrimac #4 160.5
7.286E-13 7.326E-13 1.01 7.326E-13 9.675E-16 7.017E-18 1.561E-14 9638982446 0.822 9639.0 merrimac #5
1.797E-13 1.828E-13 1.02 1.828E-13 2.172E-13 1.575E-15 4.396E-14 589536981 0.820 589.5 merrimac #6 718.9
3.832E-13 3.864E-13 1.01 3.864E-13 3.193E-14 2.316E-16 9.051E-14 3820836513 0.822 3820.8 merrimac #7
1.994E-13 1.972E-13 0.99 1.972E-13 5.055E-13 3.667E-15 1.622E-13 274626544 0.815 274.6 Merrimac #8 336.9
9.988E-15 9.887E-15 0.99 9.887E-15 5.031 E-14 3.649E-16 1.036E-13 102889197 0.815 102.9 Merrimac #9 126.3
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L. Conn 7 950-10 27404504 535 2.384E-13 38 5.1130E-16 1.94~OE-14 1.054E-10 2.502E-10 1.083E-09
L. Conn 8 950-10 27404506 537 2.384E-13 38 5.1130E-16 1.9430E-14 4.881E-12 2.440E-10 6.507E-10
L. Conn 9 950-10 27804501 538 2.384E-13 37 5.1130E-16 1.8918E-14 1.113E-11 2.456E-10 1.038E-09
L. Conn 10 950-10 27804502 539 2.384E-13 37 5.1130E-16 1.8918E-14 1.957E-12 2.463E-10 9.174E-10
L. Conn 11 950-10 27804503 540 2.383E-13 37 5.1130E-16 1.8918E-14 1.351E-12 2.485E-10 9.688E-10
L. Conn 12 950-10 27804504 541 2.383E-13 41 5.1130E-16 2.0963E-14 1.788E-10 2.496E-10 1.034E-09
L. Conn 13 950-10 27804505 542 2.383E-13 43 5.1130E-16 2.1986E-14 2.749E-12 2.527E-10 1.144E-09
L. Conn 14 950-10 27904501 543 2.383E-13 42 5.1130E-16 2.1475E-14 9.958E-13 2.532E-10 1.463E-09
L. Conn 15 950-10 27904502 544 2.383E-13 45 5.1130E-16 2.3009E-14 7.096E-13 2.563E-10 1.494E-09
L. Conn #1 12 950-10 03505502 13 5.008E-13 38 3.1486E-16 1.1965E-14 2.192E-10 4.957E-10 5.790E-10
L. Conn #2 13 950-10 03505503 14 5.008E-13 39 3.1486E-16 1.2279E-14 2.188E-10 4.991E-10 3.536E-10
L. Conn #3 14 950-10 03505504 15 5.007E-13 32 3.1486E-16 1.0075E-14 1.592E-10 5.007E-10 3.193E-10
L. Conn #4 15 950-10 03505505 16 5.007E-13 34 3.1486E-16 1.0705E-14 1.830E-10 4.999E-10 2.758E-10
L. Conn #5 16 950-10 03505506 17 5.006E-13 38 3.1486E-16 1.1965E-14 1.456E-10 4.992E-10 2.078E-10
L. Conn #1 2 950-10 04005502 19 5.005E-13 23 2.3176E-16 5.3304E-15 2.066E-13 4.826E-10 2.453E-10
L. Conn #2 3 950-10 04005503 20 5.005E-13 29 2.3176E-16 6.7210E-15 6.521E-10 4.817E-10 1.801 E-10
L.Conn #1 1 950-10 08205501 34 4.999E-13 23 7.8625E-16 1.8084E-14 8.927E-12 5.693E-10 1.165E-08
L.Conn #2 2 950-10 08205502 35 4.998E-13 24 7.8625E-16 1.8870E-14 9.135E-12 5.198E-10 5.286E-09
L.Conn #3 3 950-10 08205503 36 4.998E-13 22 7.8625E-16 1.7298E-14 2.486E-11 4.972E-10 ' 2.436E-09
L.Conn #4 4 950-10 08205504 37 4.997E-13 22 7.8625E-16 1.7298E-14 1.079E-12 5.702E-10 9.361E-09
L.Conn #5 5 950-10 08205505 38 4.997E-13 22 7.8625E-16 1.7298E-14 7.929E-13 5.268E-10 4.475E-09
L.Conn #6 6 950-10 08205506 39 4.997E-13 22 7.8625E-16 1.7298E-14 2.523E-11 5.056E-10 2.459E-09
L.Conn #7 7 950-10 08305501 40 4.996E-13 23 7.8625E-16 1.8084E-14 1.233E-11 5.383E-10 6.733E-09
L.Conn #8 8 950-10 08305502 41 4.996E-13 22 7.8625E-16 1.7298E-14 7.601E-13 6.171E-10 1.660E-08
L. Conn #1 8 950-10 10905508 91 4.974E-13 25 4.4077E-16 1.1019E-14 3.839E-11 4.666E-10 5.985E-10
L. Conn #2 9 950-10 10905509 92 4.973E-13 22 4.4077E-16 9.6969E-15 2.585E-11 4.665E-10 5.285E-10
L. Conn #3 10 950-10 10905510 93 4.973E-13 23 4.4077E-16 1.0138E-14 7.824E-12 4.670E-10 4.260E-10
L. Conn #4 11 950-10 10905511 94 4.973E-13 22 4.4077E-16 9.6969E-15 3.406E-10 4.682E-10 4.971E-10
L. Conn #5 12 950-10 10905512 95 4.972E-13 31 4.4077E-16 1.3664E-14 5.921 E-11 4.672E-10 4.237E-10
L.Conn #6 13 950-10 11005501 96 4.972E-13 25 4.4077E-16 1.1019E-14 1.373E-11 4.631E-10 7.371E-10
L. Conn #7 14 950-10 11005502 97 4.971 E-13 23 4.4077E-16 1.0138E-14 1.210E-10 4.638E-10 4.265E-10
U1
N
4-He* 4-He* 4-He* Preferred Uncorr. Uncorr. Alpa-corr
(via spike) (via cal) agreement 4-He* 238-U 235-U 232-Th Age Ft Age Sample Age
(mol) (mol) cal vs. soike (mol) (mol) (mon (mol) (years) (Mal (Mal
1.269E-13 1.338E-13 1.05 1.338E-13 2.130E-13 1.545E-15 2.648E-12 126 4R5 942 0.800 126.5 L. Conn 158.1
6.001 E-15 6.164E-15 1.03 6.164E·15 2.581E-14 1.872E·16 1.439E-14 161 881 860 0.814 161.9 L. Conn 198.9
1.363E-14 1.406E-14 1.03 1.406E-14 1.036E-13 7.511E-16 4.450E-14 95030486 0.830 95.0 L. Conn 114.5
2.370E-15 2.449E-15 1.03 2.449E-15 4.926E-15 3.573E-17 1.706E-14 212524316 212.5 L. Conn #DIVIOl
1.614E-15 1.680E-15 1.04 1.680E-15 1.649E-14 1.196E-16 3.065E-14 55254076 55.3 L. Conn #DIVIOI
2.157E-13 2.252E-13 1.04 2.252E-13 4.473E-13 3.244E-15 3.776E-13 318430139 0.733 318.4 L. Conn 434.4
3.249E-15 3.429E-15 1.06 3.429E-15 1.039E-14 7.534E-17 1.759E-14 182069862 182.1 L. Conn #D1V/Ol
1.158E-15 1.223E-15 1.06 1.223E-15 5.730E·15 4.156E-17 1.146E-14 112717599 112.7 L. Conn #D1VIOI
8.064E-16 8.604E-16 1.07 8.604E-16 2.099E-14 1.522E-16 5.330E-14 20098322 20.1 L. Conn IfDlV/Ol
2.730E-13 2.712E-13 0.99 2.730E-13 1.087E-13 7.884E-16 7.478E-13 729251797 0.768 729.3 L. Conn #1 949.5
2.706E-13 2.703E-13 1.00 2.706E-13 8.698E-13 6.309E-15 2.558E-12 143031 882 0.784 143.0 L. Conn #2 182.4
1.962E-13 1.963E-13 1.00 1.962E-13 5.392E-14 3.911E-16 3.305E-14 2016904224 2016.9 L. Conn #3 #DIVlOl
2.259E-13 2.253E-13 1.00 2.259E-13 4.149E-13 3.009E-15 2.665E-13 356799178 0.800 356.8 L. Conn #4 446.0
1.800E-13 1.790E-13 0.99 1.800E-13 3.476E-13 2.521E-15 8.661E-14 366968536 0.779 367.0 L. Conn #5 471.1
2.568E-16 2.575E-16 1.00 2.568E-16 8.300E-15 6.020E·17 1.039E-14 18627638 18.6 L. Conn #1 #DIV/Ol
8.336E-13 8.328E-13 1.00 8.336E-13 3.352E-14 2.431E-16 1.023E-13 5294018512 5294.0 L. Conn #2 #DIVlOl
9.788E-15 1.176E-14 1.20 1.176E-14 7.352E-15 5.439E-17 1.701E-14 766471345 0.726 766.5 L.Conn #1
1.097E-14 1.201E-14 1.09 1.201E-14 7.735E-14 5.723E-16 2.009E-13 75171293 0.744 75.2 L.Conn #2 101.1
3.125E-14 3.267E-14 1.05 3.267E-14 2.405E-13 1.780E-15 3.534E-14 100793252 0.756 100.8 L.Conn #3 133.4
1.164E-15 1.394E-15 1.20 1.394E-15 6.872E-15 5.085E-17 2.285E-14 88906388 0.764 88.9 L.Conn #4
9.205E-16 1.017E-15 1.10 1.017E-15 O.OOOE+OO O.OOOE+OO O.OOOE+OO #DIV/Ol #DIV/Ol L.Conn #5
3.118E-14 3.299E-14 1.06 3.299E-14 2.183E-13 1.615E-15 4.366E-13 79954738 0.791 80.0 L.Conn #6 101.0
1.430E-14 1.608E-14 1.12 1.608E-14 2.052E-13 1.518E-15 3.747E-14 57942255 0.786 57.9 L.Conn #7 73.7
7.524E-16 9.688E-16 1.29 9.688E-16 O.OOOE+OO O.OOOE+OO O.OOOE+OO #DIV/O! #D1V/Ol L.Conn #8
5.003E-14 5.024E-14 1.00 5.024E-14 1.519E-13 1.102E-15 6.590E-14 228493179 0.821 228.5 L. Conn #1 278.2
3.369E-14 3.377E-14 1.00 3.377E-14 4.354E-15 3.158E-17 2.524E-14 2238217081 0.820 2238.2 L. Conn #2
1.017E-14 1.019E-14 1.00 1.019E-14 2.096E-15 1.520E-17 1.775E-14 1209114230 0.819 1209.1 L. Conn #3
4.423E-13 4.436E-13 1.00 4.436E-13 4.701 E-13 3.409E-15 1.272E-13 648079704 0.817 648.1 L. Conn #4 792.9
7.704E-14 7.697E-14 1.00 7.697E-14 6.224E-14 4.514E-16 5.547E-14 746707991 0.817 746.7 L. Conn #5 913.9
1.801E-14 1.781E-14 0.99 1.781E-14 1.804E-13 1.309E-15 1.357E-13 64924630 0.817 64.9 L. Conn #6 79.5
1.586E-13 1.568E-13 0.99 1.568E-13 1.449E-12 1.051E-14 1.360E-13 81 446688 0.815 81.4 L. Conn #7 99.9
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